Background-Despite the success of combination antiretroviral therapy (cART), a subset of HIV-infected patients who initiate cART develop early clinical progression to AIDS; therefore some cART initiators are not fully benefitted by cART. Immune activation pre-cART may predict clinical progression in cART initiators.
Introduction
HIV infects more than 30 million people worldwide, but in most people clinical progression has been controlled with combination antiretroviral therapy (cART). Some patients, however, remain at risk for early progression and death even after starting cART, suggesting that cART is only partially effective at controlling progression in these patients [1] [2] [3] [4] [5] . Furthermore, morbidity and mortality rates among persons from resource-limited settings exceed those in resource-rich settings, most significantly during the first year after cART initiation [6] [7] [8] [9] . A subset of treated patients who remains high risk for early clinical HIV progression may require more frequent and closer follow-up than is the current standard of care 10 . Finding baseline factors that identify such high-risk patients across multiple geographic and socioeconomic settings could optimize clinical management strategies, as well as identify common pathogenic mechanisms driving HIV disease progression 11 . A number of factors have been associated with clinical response to cART, including pre-cART clinical stage, CD4+ T-cell count, and HIV viral load. However, the role of baseline inflammation has not been well evaluated, particularly in low-and middle-income settings [12] [13] [14] [15] [16] .
Chronic immune activation is a hallmark of HIV infection that has been associated with viral replication, CD4+ T-cell depletion, and other dysfunctions of the immune system 17 . Although the causes of immune activation in HIV infection remain unclear, previous studies have associated baseline elevations of a number of immune-activation biomarkers with clinical HIV progression among patients initiating cART, including TNF-α, IL-6, IFN-γ, Tcell activation, sCD14 and other microbial translocation (MT) markers [18] [19] [20] [21] [22] . However, these studies have only partially accounted for underlying factors that might contribute to immune activation and were conducted in resource-rich communities or in single-site settings. In addition, the findings from these studies have not been consistently replicated 23 . Thus, it is unclear if there are biomarkers that would be universally predictive of clinical response following cART initiation that are independent of geographic location, resource abundance, and diversity of endemic diseases.
Therefore, we conducted a case-cohort analysis of the AIDS Clinical Trials Group (ACTG) Prospective Evaluation of Antiretrovirals in Resource-Limited Settings (PEARLS) A5175 study, a clinical trial of antiretroviral therapy among HIV-infected, cART-naive adults from nine countries 24 . The diversity of our cohort allowed for assessment of a comprehensive panel of soluble and cellular immune-activation biomarkers to identify baseline predictors of HIV clinical progression following cART initiation that are independent of geographic setting.
Methods

Study Design and Population
The methods and procedures of the ACTG PEARLS A5175 study (ClinicalTrials.gov NCT00084136), a Phase IV randomized controlled clinical trial of three antiretroviral therapy regimens among 1571 treatment-naïve adults from nine countries (Brazil, Haiti, India, Malawi, Peru, South Africa, Thailand, the USA, and Zimbabwe), have been previously described in detail 24 . In brief, the study was conducted between May 2005 and August 2007. Study inclusion criteria were CD4+ T cell count <300 cells/mm 3 and no recent acute illness (i.e. pneumonia, gastroenteritis, or pelvic inflammatory disease) or opportunistic infections. Participants were randomized to receive lamivudine-zidovudine + efavirenz, didanosine + emtricitabine + atazanavir, or tenofovir-emtricitabine + efavirenz, and median follow-up was 142 weeks. Viral resistance testing was not available at baseline. The primary outcome was time from treatment randomization to HIV disease progression. Informed consent, including permission to use biological materials, was obtained from all participants, and the human experimentation guidelines of the US Department of Health and Human Services and local site institutional review boards and ethics committees were followed.
A case-cohort 2526 of 470 participants comprising a randomly selected subcohort (n=270) was chosen from the parent cohort, to which were added additional cases (n=200) selected non-randomly from the parent cohort: a) the random subcohort component allows estimates disease prevalence and immune-activation biomarker distributions among the parent cohort; b) the addition of cases from the parent cohort allows adequate power to determine the association of individual biomarkers with the primary outcome, defined as incident WHO Stage 3 or 4 event or death by 96 weeks after cART initiation. The randomly selected subcohort of 270 parent study participants (30 per country) included 36 individuals meeting our primary outcome ( Figure 1 ; Table 1 ). Immune activation biomarkers were quantified among the full case-cohort using pre-cART serum, plasma and peripheral blood mononuclear cell (PBMC) samples. Serum and plasma were stored in a centralized -80°C repository until the time of testing. Viable pre-cART PBMC were collected, cryopreserved and stored in liquid nitrogen. Three markers of microbial translocation (MT) were measured, including gram-negative bacterial lipopolysaccharide [LPS], sCD14, and EndoCAb IgM. Five soluble inflammatory cytokines were measured, including C-reactive protein [CRP], IP-10, TNF-α, IL-6, and IFN-γ. Two T-cell activation phenotypes (CD4+/DR+/CD38+ and CD8+/DR+/CD38+) were also measured.
Laboratory Testing-To minimize laboratory-to-laboratory variation and standardize testing across sites, single laboratories performed batch testing for each marker. LPS, sCD14, and EndoCAb IgM, were measured in one laboratory at Johns Hopkins University. LPS was quantified using an optimized Limulus Amebocyte Lysate (LAL) assay (Lonza, Walkersville, MD) 27 . Commercially available ELISA kits were used for measurement of sCD14 (R&D Systems, Inc., Minneapolis, MN), EndoCAb IgM (Cell Sciences, Canton, MA), and CRP (CRP Quantikine ELISA, R&D Systems, Minneapolis, MN). The remaining biomarkers were tested in an externally quality-assured ACTG-designated laboratory at the University of California Davis. IP-10 (IFN-γ inducible protein-10, CXCL10) was measured using commercially available testing kits (electrochemiluminescent bridging immune-assay by Meso-Scale Discovery, Gaithersburg, Maryland, USA). Soluble TNF-α, IL-6, and IFN-γ were measured using the Luminex multiplex cytokine platform (R&D Systems, Inc., Minneapolis, MN). Viable pre-cART PBMC samples from 157 participants were available for testing and were stained with conjugated antibodies to CD4, CD8, HLA-DR and CD38 (BD BioSciences, San Jose, CA). T-cell activation (CD4+ and CD8+) was measured by quantifying the percentages of HLA-DR+/CD38+ cells using flow cytometry.
Statistical Analyses
To determine whether the random subcohort was representative of the full parent cohort, Wilcoxon Rank Sum and Chi-Square tests were used to compare continuous and categorical covariates, respectively. All biomarkers were parameterized in quartiles to accommodate right-or left-censored data, except for LPS, which, despite using an optimized assay 27 , was only detected in samples from 137/367 (37%) participants and was subsequently dichotomized as detectable vs. undetectable (Table 2) . Kruskal-Wallis non-parametric tests were used to compare pre-cART biomarker values among baseline demographic and biologic parameters, and inverse probability weighting was used to account for the casecohort study design in identifying baseline covariates associated with each biomarker. Univariate and multivariate Cox-proportional hazards models weighted for case-cohort sampling were used to identify pre-cART biomarker values (grouped by quartile) that predicted the primary outcome. Multivariate models were stratified for country and treatment group and adjusted for baseline age, sex, body mass index (BMI), CD4+ T-cell count, and hemoglobin. Because baseline HIV RNA was largely collinear with CD4+ T cell count and hemoglobin, adjustment for baseline HIV RNA level did not substantially contribute to a model in which the latter two covariates were included. Albumin was collinear with hemoglobin, and so was not added to the models. A separate model also adjusted for baseline tuberculosis (TB). Receiver operator curve (ROC) analysis was performed to estimate the C-statistic and the corresponding 95% CI for CRP at each cutoff, before and after adjusting for covariates.
Results
Baseline Characteristics
The random subcohort was not statistically different from the parent cohort by baseline demographics, clinical status, and laboratory results, except for a slightly lower baseline creatinine clearance although all participants had CrCl ≥60 cc/min (CrCl<60 cc/min was an exclusion criterion for the parent study). 24 (19.6-24.4) , with 97 (21%) overweight or obese and 58 (12%) undernourished or underweight participants. On enrollment, the median CD4+ T-cell count (IQR) was 167 cells/mm 3 (79-219), and the median plasma HIV RNA level (IQR) was 5.11 log 10 cp/mL (4.60-5.53). TB co-infection was common (24%), and the prevalence of hepatitis B virus co-infection was 5%.
In the parent trial of 1571, 236 (15%) participants were cases who developed the composite primary outcome of WHO Stage 3 or 4 diagnosis or death by 96 weeks after cART initiation. The most frequent incident events were TB (27.1%), death (16.9%), cytopenia (15.7%), serious bacterial infection (11.4%), and weight loss (10.6%) (SFig. 1). Notably, cases from Haiti, India, and Thailand were disproportionately more likely to experience weight loss than cases from other countries, and TB was one of the top three incident diagnoses among cases from all countries, except the USA (data not shown). Cases differed from controls by race, country, BMI, and baseline CD4+ T-cell count (p<0.01) 24, 28 , and cases were more likely to have a history of past or current TB (p=0.001) ( Table 1) .
Pre-cART Immune Activation
All available blood, plasma and PBMC samples were used to quantify biomarkers. Notably, some of the blood and plasma samples from India could not be exported, and participants from Thailand and India did not have archived PBMC samples. Compared to participants lacking PBMC samples, those with available samples for T-cell activation measurement had similar baseline age, gender, BMI, hemoglobin, and CD4+ T-cell count but a significantly lower baseline median HIV RNA level (4.99 log 10 cp/mL vs. 5.18 log 10 cp/mL, p=0.04). Table 2 shows the median pre-cART biomarker values grouped by quartile in the random subcohort and by study group in the full case-cohort. Except for CRP and IP-10, pre-cART biomarker values did not differ significantly between cases and controls. Compared to controls, cases had significantly higher median concentrations of CRP (6.3 vs. 3.03 mg/mL, p=0.02) and IP-10 (2079.11 vs. 1203.81 pg/mL, p=0.001). Individual pre-cART immuneactivation biomarkers were associated with a number of baseline study population characteristics. Notably, except for CRP (p=0.10) and CD8+ T-cell activation (p=0.11; data not shown), biomarkers varied significantly by country (p<0.001; SFig. 2).
Predictors of HIV Clinical Progression on cART
Cox-proportional hazards models stratified for country and treatment group were used to estimate the hazards of the primary outcome (incident WHO stage 3 or 4 disease or death within 96 weeks after cART initiation), for each pre-cART biomarker level grouped by quartile relative to the lowest quartile. In univariate analysis, elevated baseline levels of several biomarkers (highest quartile relative to lowest quartile) were associated with clinical progression following cART initiation, including sCD14 (Hazard Ratio (Table 3 footnote). To account for the high pre-cART TB prevalence, separate multivariate models were developed that adjusted for TB at study entry and showed similar findings: there was a trend towards association that does not reach statistical significance for the highest quartile CRP (aHR 2.43, 95% CI 0.98-6.04; p=0.06) and clinical progression, whereas CD4+/DR+/ CD38+ T-cell activation maintained its association with clinical progression (aHR 5.56, 95% CI 1.04-29.76; p=0.045) (Supplementary Table) . In addition, when we set a strict definition of incident TB as occurring > 4 weeks after entry to avoid misclassifying persons with subclinical prevalent TB as having incident TB, we still note that persons with the highest quartile CRP values at baseline have an increased HR of 1.63 (p<0.05) of developing a WHO Stage 3 or 4 outcome.
We explored Receiver Operating Characteristic (ROC) curve analysis to assess the predictive power of pre-cART CRP concentration as a marker for clinical HIV progression post cART initiation (i.e. incident WHO Stage 3 or 4 disease or death by 96 weeks on cART). Highest quartile CRP concentration (>10 mg/L) had a specificity of 77% but low sensitivity (40%). Lowering the cutoff to CRP concentration >5 mg/L had the best predictive power but overall low sensitivity (55%) and specificity (62%). In unadjusted ROC curve analysis, the area under the curve (AUC) for CRP greater than 5mg/L was 0.60. After adjusting for baseline age, sex, country, BMI, hemoglobin, CD4+ T-cell count, plasma HIV RNA, and baseline TB, the AUC was 0.71, irrespective of the cutoff used (CRP>5 mg/L or CRP>10 mg/L; Figure 2 ), indicating that CRP levels pre-cART might have fair discriminating power to distinguish HIV-infected persons who are likely to clinically progress after cART initiation from persons who are unlikely to progress.
Discussion
To our knowledge, this is the first study to assess and identify baseline biomarkers associated with early clinical HIV progression following cART initiation across multiple resource and clinical settings. After measuring a comprehensive panel of immune-activation biomarkers, our analysis indicates that only the highest quartiles of baseline pre-cART CRP concentration and CD4+ T-cell activation predict subsequent progression to WHO stage 3 or 4 disease or death within 96 weeks on cART after adjusting for baseline age, sex, BMI, and CD4+ T-cell count. Notably, the associations were independent of country-to-country differences in baseline biomarker levels and cART regimen. Baseline high CRP levels and CD4+ T-cell activation also remained associated with clinical progression. Conversely, while a trend towards significant association was observed for sCD14 and CD8+ T-cell activation, we could not confirm an association between early HIV progression on cART and biomarkers that have been previously described in relation to HIV disease progression, namely in LPS, EndoCAb IgM, IL-6, TNF-α, and IP-10 17,29-31 . In resource-limited settings where follow-up intervals can be prolonged, our findings may help clinicians identify highrisk cART-naïve patients who require additional vigilance for OIs and AIDS progression even after cART initiation.
The response to HIV treatment can vary considerably and AIDS-related events can still develop in the early months after cART initiation 10, 32 . Indeed, AIDS-related events are still the leading cause of early mortality among persons living with HIV on cART in low-and middle-income settings, even among those with virologic suppression 15, 33 . Consequently, current treatment guidelines offer no provision for patients who start cART but who will ultimately clinically progress. A baseline prognostic marker would be of particular importance in such settings, where tests for HIV RNA level and CD4+ T cell counts tests may be prohibitively expensive 6, 11 .
Immune activation has been previously described in HIV-infected persons, but has been defined using differing biomarker panels, and most prior studies have been conducted at a single site or in resource-rich countries. In resource-limited settings, high CRP levels among untreated HIV-infected women who were pregnant has been previously associated with progression to WHO stage 4 disease or death in the mothers and in their children 34 . In addition, elevated CRP levels were associated with clinical progression in an HIV-infected cART-naive population of Ugandans 35 . More recently, the SMART and INSIGHT studies have associated elevated pre-cART CRP levels with death, opportunistic infection, and AIDS progression among patients in resource-rich countries 36, 37 . To our knowledge, however, these are the first data to show that pre-cART CRP levels are associated with clinical progression in HIV-infected persons initiating cART in settings with mixed resource levels. In contrast, the evidence regarding CD4+ T-cell activation has been less consistent.
Apart from the present analysis, only one other study has associated baseline CD4+ T-cell activation with outcomes among patients initiating cART 38 , whereas several studies have found no such association 37, 39, 40 . Thus, our analysis supports and expands previous CRP findings in resource-rich settings now to diverse resource-limited settings while also adding evidence linking CD4+ T-cell activation to cART outcomes.
CRP assays are relatively inexpensive and could be utilized in resource-limited and resource-rich settings. Our finding that elevated baseline CRP concentration greater than 10mg/L is independently associated with poor clinical response to cART may provide clinicians in multiple settings with a more generalizable approach to risk-stratify patients prior to cART initiation. Furthermore, despite its lack of specificity, CRP (an acute phase reactant produced by the liver in response to general inflammatory stimuli) has remarkable predictive value in varied conditions from cardiovascular disease to osteomyelitis 41, 42 . For example, among healthy persons, a CRP concentration greater than 3 mg/L is an independent risk factor for cardiovascular risk 43 . In our study, cases had a median baseline CRP of 6 mg/L compared to that of 3 mg/L in controls, supporting its potential clinical utility to distinguish HIV-infected persons who may progress after cART initiation. However, larger cohort studies will be needed to determine appropriate breakpoints before using CRP concentration as a clinical marker among cART initiators.
Interestingly, we did not confirm a significant association between the remaining immune activation biomarkers and early HIV progression on cART. While CD8+ T-cell activation has been associated with HIV disease progression, it has not been consistently associated with cART treatment outcomes [38] [39] [40] [44] [45] [46] . Similarly, elevated baseline IL-6 levels, which have long been associated with HIV progression, has been an inconsistent predictor of outcomes among cART initiators 36, 37, 47, 48 . IP-10, a chemokine that is strongly predictive of Hepatitis C virus treatment outcomes, has been associated with HIV outcomes in some studies 31, 49 . We did find a trend for an association between sCD14 and clinical progression that confirms previous studies. Finally, the MT markers LPS and EndoCAb IgM have been associated with mortality and disease progression among cART initiators in some, but not all, studies 21, 36, 40, 50 . Therefore, there may be a distinction between markers that predict disease progression in untreated patients, and markers that are predictive among HIVinfected patients receiving cART.
The present study did not provide evidence for MT in this cohort as defined by detectable LPS levels despite using an optimized assay that accounts for serum interference 27 . It is possible that prevalent diarrheal disease in some endemic settings may alter the associations of MT and HIV. However, sCD14 and CD8+ T-cell activation had a trend towards association with incident WHO Stage 3 or 4 disease or death on cART, which is consistent with and extends previous findings to multiple geographic settings. Overall, we speculate that a combination of factors, including socioeconomics, malnutrition, and prevalent acute infections (e.g., malaria, diarrheal disease), may have contributed to the generalized immune activation state of patients but that these factors may not have been directly involved in the causal pathways that led to HIV disease progression.
Strengths of the present study include the diversity of settings and the comprehensive panel of immune activation biomarkers assessed. However, this study has some potential limitations. Our study was limited to participants with CD4+ T cell counts <300 cells/mm 3 ; given current guidelines, future investigations will need to determine whether our findings are applicable to HIV-infected persons initiating cART at higher CD4+ T cell counts. There were a large number of prevalent and incident cases of TB, a leading cause of morbidity and mortality among HIV-infected persons in resource-limited settings. Therefore, it is possible that baseline, subclinical TB may have resulted in augmented immune activation, thus confounding the analysis. Notably, however, non-TB diagnoses comprised more than 70% of the incident diagnoses among cases; therefore, our findings are likely to be generalizable to HIV-infected populations, irrespective of TB risk. Moreover, our analysis accounted for the effect of prevalent tuberculosis at baseline, which did not substantially affect the overall strength of the predictive models. Notably, the entry criteria for the PEARLS study included a relatively healthy population. For example, fewer than 20% of cases and controls in the subcohort were underweight. Whereas on the one hand the relative health of the study population suggests that these findings will need confirmation, on the other hand we propose that an immune activation biomarker is particularly useful in identifying people where the risk of clinical progression is not obvious. Another challenge was the limited availability of viable PBMC samples for T-cell activation marker testing, especially from India and Thailand. Participants with available PBMC samples were similar to those without samples among baseline characteristics, except for lower median baseline HIV RNA level, which would be expected to underestimate the association between baseline CD4+ T-cell activation and HIV disease progression. Nevertheless, our findings will need to be confirmed in Asian populations to broaden the generalizability of CD4+ T-cell activation.
In summary, our analysis identified two biomarkers of immune activation that appear to independently predict early clinical HIV disease progression in multiple countries among HIV-infected adults initiating cART. While measurement of baseline CD4+/DR+/CD38+ Tcell activation may provide predictive information about the clinical response to cART, the utility of this biomarker may be limited due to its high cost and complexity in measuring it. CRP assays are low-cost, relatively easy to perform, and may be available in some resourcelimited settings. Pre-cART risk stratification using CRP measurements may prove worthwhile to identify patients for whom added vigilance, such as more frequent clinical monitoring or disease-specific screening after treatment initiation, may be warranted, similar to the cardiovascular disease paradigm.
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Figure 1. Formation of the case-cohort
The case-cohort analysis (n=470) consisted of the random subcohort (a randomly selected sub-sample of 30 participants per country [n=270]) from the original ACTG PEARLS study and any additional cases meeting our case definition from the original study cohort [n=200]. Cases were defined as incident WHO stage 3 or 4 event or death by 96 weeks post-cART initiation (n=236). Immune-activation biomarkers were quantified pre-cART in the random subcohort to estimate baseline immune activation in the original study cohort. Adjusted multivariate models estimated associations between individual pre-cART biomarker values and the primary outcome, incident WHO stage 3 or 4 event or death by 96 weeks on cART. ROC analysis was performed to evaluate if elevated levels of CRP pre-cART can be used to predict clinical failure post-cART initiation. The CRP cutoff was varied using observed CRP levels. After adjusting for baseline age, sex, country, BMI, hemoglobin, CD4+ T-cell count, plasma HIV RNA, and baseline TB, the area under the curve (AUC) was 0.71, irrespective of the cutoff used (CRP>5 mg/L or CRP>10 mg/L). 
DAIDS Race
White 48 (9) 20 (8) 28 (12) Black 231 (49) 107 (45) 124 (53) Asian 146 (31) 97 (41) 49 (21) 0.003
Other 45 (10) 12 (5) 33 (14) Country Brazil 45 (10) 16 (7) 29 (12) Haiti 38 (8) 13 (6) 25 (11) India 107 (23) 87 (37) 20 (9) Malawi 62 (13) 38 (16) 24 (10) Peru 36 (8) 8 (3) 28 (12) 0.005 S. Africa 58 (12) 33 (14) 25 (11) Thailand 37 (8) 9 (4) 28 (12) USA 49 (10) 20 (8) 29 (12) Zimbabwe 38 (8) 12 (5) 26 ( Abbreviations: HR, hazard ratio; 95%CI, 95% confidence interval; CRP, C-reactive protein; LPS, Gram-negative bacterial lipopolysaccharide; n, number of samples tested.
a Data presented as hazard ratio and 95% confidence interval, comparing each quartile with the first quartile for the specified marker. The quartile breakpoints for each marker are listed below the marker. The hazard ratios of quartiles 2, 3, and 4 are shown in comparison to quartile 1, which was used as reference. The indicated quartile comprises the interval from the next lowest quartile to labeled quartile.
